Introduction
Hf-based high-k gate dielectrics have been proposed as substitutes for conventional SiO 2 dielectric to solve the problem on gate leakage in continuously scaled down CMOS devices [1] [2] [3] [4] . In conjunction with Hf-based dielectrics, a simple rare-earth metal-doping technique has been proposed to reduce threshold voltage (V th ) of high-k gate dielectric MOSFETs [5] . Among various rare-earth metals, lanthanum (La) has been demonstrated as a strong candidate for nMOSFETs because of its low V th , good carrier mobility, good equivalent oxide thickness (EOT) scaling, and positive-bias-temperature instability (PBTI) [2, 3] . The low frequency noise is becoming a major concern for scaled down devices because the noise increases as the reciprocal of the device area [6] .
In this work, we investigate the low-frequency noise behavior of nMOSFETs with La-doped Hf-based gate dielectrics.
Experiments
Noise analysis was performed on two different highk/LaO x /metal gate nMOSFETs with 3-nm-thick HfSiO x or 1.5-nm-thick HfO 2 followed by 1.5-nm-thick ZrO 2 as a highk gate dielectric. Hf-based high-k films were deposited by atomic layer deposition (ALD) on 200 mm p-type Si wafers. An ultrathin LaO x cap was deposited on the high-k films by molecular beam deposition and a postdeposition annealing was done in N 2 ambient to incorporate La into the Hf-based high-k films. For comparison, nMOSFETs without LaO x cap which had 2.1-nm-thick HfSiO x were also fabricated. Detailed split conditions are summarized in table 1.
On-wafer noise measurements were performed by using a BTA9812 noise analyzer and a Cadence NoisePro software in the frequency range of 1 Hz ~ 1 MHz and all noise measurements were performed in linear operation at V D = 50 mV. All devices studied had same width of 10 µm and length of 0.5 µm.
Results and Discussion
The La-doped devices showed a lower V th than that of the control devices by about 250 mV, which is due to the La-induced dipole formation (Fig. 1) [5] . The subthreshold slopes (SS) for the La-doped devices were similar with the control devices. Fig. 2 shows transfer characteristics in linear operation. The higher peak transconductance (g m ) and current driving ability were observed for the control devices. The reason of these results was likely to be due to the thinner high-k layer of the control devices, but partially associated with enhanced mobility scattering due to the presence of La-induced dipole [2] . The normalized draincurrent noise spectra of all devices showed a typical 1/f γ -like noise with the frequency exponent γ close to 1, as shown in Fig. 3 . The La-doped devices showed lower noise characteristics than that of the control devices at threshold voltage in spite of their thicker high-k layers. Fig. 4 shows the normalized drain-current noise spectral density at f = 25 Hz as a function of gate voltage overdrive. The difference in noise between the La-doped devices and the control devices decreased as the gate voltage overdrive increased. The Ladoped devices had reduced charge trapping efficiency around the gate bias of normal operation due to a dipoleinduced greater barrier offset so they showed lower noise characteristics. Because the La-induced traps were significantly generated in the interfacial layer at high gate voltage, however, the noise difference decreased as the gate voltage increased [3] .
In order to figure out the origin of the noise, normalized drain-current noise spectral density (S Id /I d 2 ) is plotted with transconductance to drain current ratio squared ((g m /I d )
2 ) (Fig. 5) . For all devices, S Id /I d 2 and (g m /I d ) 2 follow the same trend, which indicates that number fluctuation and correlated mobility fluctuation are the dominant noise mechanism, but the high variation was observed in the La-doped devices. To confirm contribution level of mobility fluctuation to total noise, input-referred noise (S Vg ) is shown in Fig. 6 . The Ladoped devices showed the higher curvature of parabola, which points out higher contribution of mobility fluctuation to the total noise [1, 6] . These results are in conflict with a general trend that a thicker high-k nMOSFET shows smaller contribution of mobility fluctuation due to longer average distance between bulk traps and channel carriers and lower scattering efficiency [1] . Fig. 7 shows the contributions of number fluctuation (1/N) and correlated mobility fluctuation (α sc µ eff ) to the total noise. The N is carrier density per unit area and α sc is scattering coefficient. The La-doped devices showed higher α sc µ eff than that of the control devices. Besides, α sc µ eff of the control devices decreased as the gate voltage increased due to screening effect [4, 7] but the Ladoped devices showed increased contribution of mobility fluctuation at higher gate voltage overdrive. Consequently, the higher contribution of mobility fluctuation in the Ladoped devices was mainly attributed to additional mobility scattering caused by the La-induced dipole field at the highk/SiO 2 interface.
Conclusions
La-doped Hf-based nMOSFETs showed lower noise characteristics around a gate voltage of normal operation, which was attributed to reduced trapping efficiency caused by La-induced dipole formation at high-k/SiO 2 interface, but the noise difference between the La-doped nMOSFETs and the control devices decreased as the gate voltage increased. Increased contributions of mobility fluctuation were observed in La-doped nMOSFETs, which was attributed to enhanced mobility fluctuation caused by La-induced dipole field. The dipole-field-induced mobility fluctuation should be considered to exactly model a low-frequency noise of Ladoped Hf-based gate dielectric nMOSFETs. 
